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Abstract
Three trophic mass-balance models representing coral reef ecosystems along a fishery gradient were compared to evaluate
ecosystem effects of fishing. The majority of the biomass estimates came directly from a large-scale visual survey program;
therefore, data were collected in the same way for all three models, enhancing comparability. Model outputs–such as net
system production, size structure of the community, total throughput, production, consumption, production-to-respiration
ratio, and Finn’s cycling index and mean path length–indicate that the systems around the unpopulated French Frigate
Shoals and along the relatively lightly populated Kona Coast of Hawai’i Island are mature, stable systems with a high
efficiency in recycling of biomass. In contrast, model results show that the reef system around the most populated island in
the State of Hawai’i, O’ahu, is in a transitional state with reduced ecosystem resilience and appears to be shifting to an algal-
dominated system. Evaluation of the candidate indicators for fishing pressure showed that indicators at the community
level (e.g., total biomass, community size structure, trophic level of the community) were most robust (i.e., showed the
clearest trend) and that multiple indicators are necessary to identify fishing perturbations. These indicators could be used as
performance indicators when compared to a baseline for management purposes. This study shows that ecosystem models
can be valuable tools in identification of the system state in terms of complexity, stability, and resilience and, therefore, can
complement biological metrics currently used by monitoring programs as indicators for coral reef status. Moreover,
ecosystem models can improve our understanding of a system’s internal structure that can be used to support
management in identification of approaches to reverse unfavorable states.
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Introduction
Resource managers are confronted with a range of challenges in
their mission to sustain and restore coral reef goods and services
that humans desire. Reductions in fishery harvests, whether a
result of the degradation of fish habitat, following declines of target
fish population, or increased regulation, will have substantial
cultural, economic, and social implications for resource users.
Effective management requires an understanding of coral reefs as
ecosystems and of the complex and potential synergistic effects of
different stressors [1,2]. Globally, about three-quarters of all coral
reefs are threatened by increased stress from pollution, extensive
fishing, and climate change [3]. About half of the coral species that
are very susceptible to bleaching are also heavily vulnerable to
disease and predation, and recovery can be slow or absent [4]. At
the Great Barrier Reef, coral cover has halved in the last three
decades [5]. Ecological processes will interact with effects of global
environmental change. For instance, herbivores (e.g., herbivorous
fishes and sea urchins) can control the growth of algae and,
therefore, facilitate coralline algal and coral settlement and
growth, and they have been identified as a keystone group for
their important role in structuring coral communities and
improving reef resilience (i.e., the ability of a reef to absorb shock,
resist phase shifts, and regenerate after natural and human-
induced disturbances) [6–10]. Reductions in herbivorous fish
biomass also may affect the microbial diversity with a shift to more
pathogenic microbes and reduced microbial species richness,
ultimately affecting the condition of the reef [11]. Areas protected
from fishing or with less fishing pressure generally have higher live
coral cover than do unprotected areas, and fish communities there
have more large-bodied fishes [12,13]. It is our opinion that
management should focus on assessment and improvement of reef
resilience to maximize the capacity of corals to respond to the
imminent threats of global climate change [14,15].
Resource managers and users can benefit from an evaluation of
the system’s present status in terms of complexity, stability, and
resilience–features that support biodiversity [16] and ecosystem
health (health used in terms of high diversity, energy recycling,
resilience) [17]. Fishing, habitat degradation, land-based sources of
pollution, and global environmental changes all affect the health of
coral reef ecosystems. Recently, coral reef models have been
constructed to investigate ecosystem effects of fishing and
alternative fishery management scenarios [18–22], habitat degra-
dation [21], climate change [23,24], and land-based pollution
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[25,26]. Despite the increase in number of modeling studies in
coral reef areas, there is still little information on the most
appropriate indicators for changes in these systems [18].
Outcomes from ecosystem-based models can identify quantifiable
metrics that reflect features of ecosystem’s structure and function,
indicative for a system’s health under its level and type of
perturbations [17,27]. Establishing these indicators is among the
first steps scientists can take to support the implementation of
ecosystem-based management [2,28]. Once these indicators are
identified, the next step is to link them to criteria for management
decisions; for example, indicator values X, Y, and Z that fall below
a priori established threshold values will trigger a specified
management action [29]. However, quantitative approaches for
selection of ecosystem-level indicators are only beginning to
emerge and, so far, mostly for pelagic systems [27,30,31]. These
indicators might not be suitable for coral reef ecosystems because
they differ in structure and energy flow (e.g., more complex food
webs, including the microbial food web, for effective recycling of
the limited nutrients in reef systems) and in fisheries (e.g., more
diversified on reefs).
Empirical studies on coral reef structure and function have
generally used spatial patterns or temporal trends in benthic cover
and fish biomass and assemblages as indicators for perturbations to
reefs from terrestrial runoff [32–34], climate change [35–37], and
fisheries [e.g., 38,39–41]. These parameters are usually used as
performance indicators for reef health in monitoring programs.
However, they target only direct effects of fishing and do so mostly
on small scales (e.g., fish biomass and size structure inside and
outside MPAs) [38,40,42,43], and no indicators exist for indirect
ecosystem effects. Such indicators are crucial to an assessment of
the overall ecosystem effects of target species removal and to allow
holistic fisheries management [44]. Trophic mass-balanced models
represent an analytical approach that could help evaluate
ecosystem effects of fishing perturbations and identify optimal
management scenarios [19,30,45–48].
This study focuses on the quantitative description of the
characteristics of ecosystem attributes of three coral reef systems
along a fishing pressure gradient in Hawai’i, located in the middle
of the Pacific Ocean (Fig. 1). We attempt to identify the most
reliable indicators of ecosystem structure and function of coral
reefs to support ecosystem-based fishery management. This
comparative approach along an exploitation gradient is used to
identify a range of indicators against which each system is assessed
in relative terms. The model used is validated with empirical
assessments from field data, and the suitability of performance
indicators presently used for coral reef management in Hawai’i is
discussed.
Materials and Methods
Study Sites
We selected three systems along a gradient of fishing pressure on
the basis of human population and commercial catch statistics
(www.pifsc.noaa.gov/wpacfin/hi/dar/Pages/hi_data_3.php. Ac-
cessed 2011 Jan): (1) French Frigate Shoals (FFS) in the
Northwestern Hawaiian Islands–no fishing, (2) Kona Coast of
Hawai’i Island–medium fishing, and (3) O’ahu–heavy fishing
(Fig. 1, Table 1).
Models represent the status of the shallow-water (,30 m), hard-
bottom, forereef ecosystems and are based largely on 2010 data.
Total forereef area is 88 km2 around FFS, 68 km2 along the Kona
Coast, and 307 km2 around O’ahu (NOAA Fisheries Coral Reef
Ecosystem Division (CRED) unpubl. data). The monthly mean
sea-surface temperatures vary between 24uC in winter and 27uC
in summer [49]. Situated in the middle of the North Pacific
Ocean, the reefs are exposed to large winter swells that pound on
the coastline from the northwest, summer swells from the south,
and strong trade winds from the northeast. Hawai’i is located in
the North Pacific Subtropical Gyre, which is characterized by low
upwelling [50] and low plankton standing stock [51]. Climatologic
chlorophyll-a standing stock from the open ocean were similar
between the three areas with annual averages between 2004 and
2010 of 0.057 mg/m3 (SE 0.003) for Hawai’i and 0.066 mg/m3
(SE 0.004) and 0.067 mg/m3 (SE 0.005) for O’ahu and FFS,
respectively (CRED unpubl. data).
Data
This study used data on coral reef fish assemblages, benthic
cover, invertebrate assemblages, insular microbe and phytoplank-
ton biomass all collected with the same suite of methods for each
study site by the NOAA Pacific Islands Fisheries Science Center
(PIFSC) as part of the Pacific Reef Assessment and Monitoring
Program (Pacific RAMP). Benthic and fish surveys were conducted
between 2001 and 2010 using Rapid Ecological Assessment (REA)
surveys at long-term sites. In the earlier years (2001–2007) belt-
transect surveys were conducted at fixed mid-depth (12–15 m)
forereef sites. Since 2007, for Pacific RAMP, PIFSC implemented
a stratified random survey design in forereef, hard-bottom habitats
,30 m using belt-transect visual surveys for benthic cover and
invertebrates and stationary-point-count (SPC) visual surveys for
fish data (for details on SPC surveys, see [39]). Fish length
estimates from visual censuses were converted to weight using the
allometric length-weight formula: W= aTLb, where parameters a
and b are constants, TL is total length in millimeters, and W is
weight in grams.
Length-weight fitting parameters were available for 150 species
(68% of all species included in the model) commonly observed on
visual fish transects in Hawai’i (Hawai’i Cooperative Fishery
Research Unit unpubl. data). These data were supplemented with
information from other published sources and from studies
reported on FishBase (www.fishbase.org) that were conducted in
other tropical regions on the same species. The Kona Coast model
also included fish and echinoid data collected using belt-transect
surveys between 2002 and 2010 on mid-depth forereef habitats by
the Division of Aquatic Resources (DAR). Towed-diver survey
results for roving predatory fishes were used for all three models
because that method appears most suitable for fishes that are
highly mobile and heavily clumped or for rare fishes [52].
Echinoderms often have a patchy distribution, and data from
towed-diver surveys that cover a large area (, 2000 m2 vs. ,
50 m2 for Rapid Ecological Assessment (REA) surveys) are likely
more accurate for conspicuous species (e.g., crown-of-thorns sea
stars, large urchins, sea cucumbers). However, for boring urchins,
it is difficult to obtain a reliable count by towed divers; therefore,
we used a combination of belt-transect and towed-diver surveys for
echinoderms. Phytoplankton and microbe data were derived from
water samples taken at the surface and at , 1 m above the reef.
Phytoplankton biomass was calculated from the chlorophyll-a
concentration measured in the water samples, and insular bacteria
biomass was calculated from the counted numbers of cells per
milliliter. Ratios of production over biomass (P/B) and consump-
tion over biomass (Q/B) came from published sources or empirical
relationships following Pauly [53] and Palomares and Pauly [54]
for fish and Brey [55] for nonfish groups. The supporting
information gives details on the input parameters of all functional
groups and includes the diet composition matrices (Text S1,
Tables S1, S2, S3, S4, S5, S6, S7, S8).
Coral Reef Ecosystems and Fishery
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Model
We constructed a mass-balance ecosystem model using the
Ecopath with Ecosim v.6 software (www.ecopath.org). Ecopath is a
steady-state mass-balanced model, determined largely by trophic
interactions and fishery removals, can be used to describe and
examine the energy flows in ecosystems, and provides insight into
ecosystem maturity and functioning [56]. Ecopath was first
developed by Polovina [58] and further advanced by Christensen
and Pauly [57]. This modeling approach is based on a set of
simultaneous linear equations for each functional group (state
variable) in the system, where the production of a given group is
equal to the sum of all predation, nonpredatory losses, and exports
[56,58,59]. Each functional group in the model is represented by
one balanced equation and requires five input parameters. Export
and diet composition of each group are mandatory, and three of
the four parameters–biomass (B), P/B, Q/B, and ecotrophic
efficiency (EE)–also must be entered for each group. The linear
equations are then solved and the unknown parameters are
estimated. The most robust approach is to enter B, P/B, and Q/B
and allow the model to estimate EE. This approach also provides a
check for the mass balance because EE cannot be greater than 1.
We included in the model 33 functional groups representing 2
detritus groups (detritus and carrion), 6 microbial food web groups
(phytoplankton, 2 groups of bacteria, 3 groups of zooplankton), 3
benthic primary producers, 9 invertebrate groups, 11 fish groups,
1 marine reptile, and 1 marine mammal group (Text S1). Species
were aggregated into those groups on the basis of similarities in
habitat use, diet, feeding behavior (i.e., roving, hunting, grazing),
life-history characteristics (e.g., max age, growth constant, length
at first maturity), and ecological role (i.e., excavators or bioeroders,
scrapers, grazers or detritivores, browsers). Because of their
potentially important ecosystem roles and impacts, sea urchins
(key herbivores) and sea stars (coral predator) were included as
distinct functional groups.
Figure 1. Habitat maps of the three modeled coral reef areas and their location in the Hawaiian Archipelago. Hard and soft in the
legend indicate bottom type.
doi:10.1371/journal.pone.0063797.g001
Table 1. Characteristics of the three coral reef areas included in this study.
Reef system Lat. Long.
0–30 m area
(km2)
% Hard-bottom
habitat
Human
population1
Population/km2
reef
Exploitation (% of
total state catch)
French Frigate Shoals 2166.21 23.79 163 54 0 0 0
Kona 2155.42 19.53 90 76 47,705 530 5
O’ahu 2158.00 21.49 423 72 953,207 2,253 50
1US Census Bureau 2010 estimate.
Exploitation indicates fishery exploitation.
doi:10.1371/journal.pone.0063797.t001
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We added constraints on the EE, to range between 0 and 0.95,
and used the default value for the assimilation efficiency of 80%
for all groups. About 80% of the consumption was assumed to be
physiologically useful for consumer groups, and the nonassimilated
food (20%, consisting of urine and feces) was directed to detritus
[57]. However, that default value tends to underestimate egestion
by herbivores and detritivores. Thus, assimilation efficiency was
adjusted to 70%, for herbivorous fish groups to 70% for demersal
and carnivorous zooplankton, and to 60% for bacteria, herbivo-
rous zooplankton, and benthic deposit feeders [56,60–62].
To achieve mass-balance in the model, we modified the diet
data slightly because these data were the most uncertain parts of
the four main input values (B, P/B, Q/B, and diet). After mass-
balancing, the trophic level for each functional group was
calculated by the model as were various network flow indices that
measure the ecosystem maturity following Odum [63] and
Ulanowicz [64]. The Kona Coast model showed EE was greater
than unity for some invertebrate groups, indicating that the lower
trophic levels had insufficient biomass or production to support the
consumption of the higher trophic levels. To address this problem,
the EE was set to the default value 0.95 to allow Ecopath to
calculate the biomass. This approach is considered valid because
this Ecopath model is a top-down model and scales the flows to the
food required to maintain the biomass at the top of the food web
[65,66], and we are confident in the comparison of our estimates
of the biomass for these higher trophic levels between the three
models because they were all obtained through the same visual
survey methods. Plankton biomass needed to be increased for the
FFS and Kona models to ascertain enough biomass to sustain the
total consumption. In coral reef systems, phytoplankton grazing is
a principal pathway that allows allothonous nutrients [67] and
suspended particulate matter [68] to import to a reef community
through the flowing water. Feeding rates increase when water
flows over the reef [67,69,70], and the shape of the benthic
community structure on a reef developed by the currents and
waves increases capture efficiencies [71,72]. Therefore, it is
believed an increase in plankton biomass from flows over the reef
is valid [73].
Validation of the model structure was conducted through
comparison of Ecopath’s pedigree index with other Ecopath
models. Ecopath estimated the pedigree index, on the basis of the
confidence intervals (CI) of each input parameter, which describes
how well rooted the model is in local data on a scale of 0 to 1, with
1 being the best [74]. Confidence in data from field sampling was
assumed to have the narrowest CI (10%–30%), and estimates from
other models or calculated by Ecopath were assumed to have the
widest CI (40%–60%). Most of the biomass data were obtained
from Pacific RAMP field surveys and other published field studies
from Hawai’i. Therefore, they were defined as having a 10%–30%
CI of the mean; whereas, P/B and Q/B input parameters were
defined as having 20%–60% CI, depending on whether they came
from field studies (, 20%), empirical relationships (, 40%), or
other models (, 60%). Diet data (from literature and Fishbase)
were defined as having 40% CI when it came from qualitative
studies in Hawai’i, 50% from expert opinion, and 80% from
quantitative studies. Fishery data were assigned a 50% CI.
Sensitivity analyses were conducted using manual substitution of
values (+25%, +50%, –25%, –50% of original number) for
biomass, P/B, and Q/B for cryptic or small invertebrate groups,
because these were the groups with the most limited survey data,
and examination of the effect of these changes on the basic input
parameters.
Fishery
We defined two fishery ‘‘fleets’’: recreational and commercial.
Commercial fishery data were compiled from records of the State
of Hawai’i commercial fish landings using the NOAA PIFSC’s
Fishing Ecosystem Analysis Tool (FEAT; www.pifsc.noaa.gov/
human_dimensions/fishing_ecosystem_analysis_tool.php. Ac-
cessed 2011 Jan), a geospatial tool that summarizes commercial
fisheries landing statistics per species and fishery region. These
fishery data include coastal and pelagic fisheries. The Ecopath
models in this study were limited to the shallow (0–30 m) reef areas
with fish biomass estimated only from this area. We assumed that
the coastal fishery data captured the extraction of top predators in
the modeled area sufficiently, and, therefore, we excluded the
pelagic fishery data. We also included landings from the aquarium
trade in the commercial fishery fleet using data from Walsh et al.
[75]. The aquarium trade is concentrated on the Kona Coast of
Hawai’i, where 75% of the total state reported landings originate;
therefore, this fishery is included only in the Kona Coast model.
Recreational catch data came from the DAR Hawai’i Marine
Recreational Fishery Statistics program (www.st.nmfs.noaa.gov/
st1/recreational/index.html. Accessed 2011 Jan). Again, we
excluded pelagic species. We compared the results of the
recreational fishery with published creel surveys conducted in
Hanalei, Kaua’i, Kane’ohe Bay, O’ahu [76,77], and Puako,
Hawai’i (J. Giddens pers. comm. October 2011). Because of the
large discrepancy between results from creel surveys and the
reported commercial and recreational landings, we calculated
‘‘correction’’ factors using these values for some fish groups (Text
S1).
To calculate the fishing mortality, we divided the yield (t/km2/
y) by the estimated standing stock per functional group. The
standing stock estimates used the Pacific RAMP daytime visual
surveys. Because these surveys omit cryptic and nighttime species,
values likely underestimate actual stock size. However, yield likely
is underestimated as well because the nighttime fishery is not
accounted for in the recreational landings or creel surveys;
therefore, we believe that estimated fishing mortalities are still
conservative estimates. Recreational fishery is reported for the
entire state. For this fishery, we assumed the same proportion of
statewide landings to landings per fishery region as retrieved from
the FEAT model for commercial landings of reef fish. In other
words, 50% of the total reef fish landings were from O’ahu and
5% from Kona.
Candidate Indicators for Ecosystem Status under
Fisheries Exploitation
We selected a suite of candidate indicators for ecosystem
structure and network flows (Table 2) based mostly on the robust
indicators identified by Fulton et al. [30], who evaluated 31
ecological indicators with potential to detect effects of fishing
between aggregation levels, two model types, and four fishing
pressure scenarios. We supplemented those indicators with reliable
indicators identified by Arias et al. [18], Samhouri et al. [31], Shin
et al. [28], and Xu et al. [46] and with indicators used by the State
of Hawai’i for coral reef monitoring. We used the following criteria
to select ecosystem indicators: (1) indicators reflect well-defined
ecological processes occurring under fishing pressure, (2) trends in
the indicators are expected to be closely correlated with trends in
fishing pressure; (3) indicators are easily measurable or estimated
in monitoring programs. Included in Table 2 are criteria for
mature and, in general, more resilient systems.
Coral Reef Ecosystems and Fishery
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Results
Model Structure and Sensitivity
The Hawai’i Ecopath models’ pedigree index values were 0.50
for FFS, 0.59 for O’ahu and 0.62 for Kona; all values fell in the
medium–high range compared to 50 other Ecopath models, 48%
of which had a pedigree from 0.40 to 0.59 and only 10% of which
had a pedigree higher than 0.60 [78]. These results suggest that
the model is well rooted in local data and, therefore, robust.
Sensitivity analyses showed that the model was least sensitive to
a change in Q/B ratio for the meiobenthos (e.g., benthic filter
feeders, benthic carnivores, benthic deposit feeders and crusta-
ceans), with only crustacean biomass changing more than 10%
with a 50% applied increase or decrease of their Q/B ratio.
However, decreasing the Q/B by 50% resulted in an unrealisti-
cally high ratio of production over consumption (P/Q) of .1 for
benthic filter feeders. Benthic carnivores were the least sensitive
group to changes in P/B ratio compared to the other small
invertebrate groups (Fig. 2). Exploration of the sensitivity of the
Table 2. Selected candidate indicators for coral reef ecosystem effects of fishery.
# Candidate Indicator Explanation
Expectation with increased fishery
exploitation
1 Net primary production (NPP) Activity index for lower trophic levels. increase (zero for mature ecosystems)
2 Net system production Sum of biomass accumulation, biomass lost to mortality, and
biomass lost to migration of all benthic species.
Increase (close to zero for mature
systems)
3 Total Biomass (B) Sum of biomass for all ecosystem species. decrease
4 B - sharks and jacks Biomass of apex predators. decrease
5 B - planktivores Biomass of planktivorous fish. increase
6 B/P – size structure Biomass to productivity ratio as an indication of the size
structure of the organisms in the system.
Decrease (higher value indicates more
mature system)
7 Piscivores:planktivores biomass
ratio
Biomass ratio of piscivorous and planktivorous fish groups. decrease
8 Total catch The biomass of functional groups targeted by fisheries. increase
9 Trophic level of catch Biomass-weighted average of trophic level of all
species caught.
decrease
10 Fishery gross efficiency Indicates the importance of fishery in structuring the system
structure (0.00002 is global average).
increase
11 Mean trophic level of community Biomass-weighted average trophic level of all species in
the ecosystem.
decrease (higher value indicates more
mature system)
12 Total consumption The sum of somatic and gonadal growth, metabolic costs,
and waste products for all modeled species.
decrease (higher value indicates more
mature system)
13 Total respiration The portion of consumed energy that is not used for
production or recycled as metabolic waste indicative for the systems
activity
of the higher trophic levels.
decrease (higher value indicates more
mature system)
14 System’s omnivory index (SOI) The variance of the trophic level of a consumer’s prey group
(i.e., specialist, such as coralivorous fish, vs. generalist,
such as omnivorous hermit crabs). This index
characterizes the extent to which a system displays
web-like features.
decrease
15 Ratio of primary production to
respiration (PP/R)
The ratio of total production relative to total respiration. increase (one for mature ecosystems)
16 Primary production required (PPR) for
sustaining fish biomass consumption
Calculated primary production required by the system to
sustain the level of fishery.
increase
17 Finn’s mean path length The average number of functional groups that a unit of
energy flows through in the system before being lost
(food chain length).
decrease (higher value indicates more
mature system)
18 Finn’s cycling index The fraction of all flows in the ecosystem that is recycled. decrease (higher value indicates more
mature system)
19 Predator cycling index The fraction of all flows in the ecosystem recycled through
non-detrital pathways indicates the importance of predation
in the structure and functioning of the system at higher
trophic levels.
decrease
20 Total system throughput (TST) Represents all of the biomass flows and is the summation
of consumption, respiration, export and flows to detritus.
decrease (higher value indicates more
mature system)
21 Capacity Measurement of size and complexity of the system,
calculated as the product of TST and the maximum degree
of specialization.
decrease (higher value indicates more
mature system)
These indicators were selected from literature reviews and a brief description (explanation) and expected response to fishery is given.
doi:10.1371/journal.pone.0063797.t002
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Q/B ratio with a decreasing biomass or P/B ratio (–25% and –
50%) resulted in failure of the Ecopath model to calculate the EE.
In comparison, elevation of these values resulted in a very high
increase in the Q/B ratio, especially for benthic filter feeders as a
response to a biomass increase and for benthic detritivores as a
response to a P/B ratio increase. P/Q ratio values were
unrealistically low (,0.05) for all groups when biomass was
changed and for all groups except the benthic carnivores when P/
B changed. In contrast, biomass and the P/B ratio were not very
sensitive to increasing P/B ratio or biomass, respectively, but more
so to decreasing those values except for the biomass of benthic
carnivores. Clearly, more study needs to be devoted to these
invertebrate groups to obtain a better estimate of their biomass
and P/B ratio for model improvement.
General Description of the Three Systems
Ecopath aggregates an entire system into distinct trophic levels
sensu Lindeman [56]. FFS showed a higher overall biomass with
the main differences in the higher trophic groups (Fig. 3). The
models estimated that the majority (57%–64%) of the energy flows
originated from detritus rather than from primary productivity,
indicating that secondary production is based mainly on detritus
and net primary production enters the coral reef food chain
through heterotrophic benthic organisms. Transfer efficiency was
highest from trophic level I to II, especially for the energy flow
from detritus, suggesting high energy efficiency at the lower
trophic levels. Although the total biomass values for the Kona
system and the FFS system were similar, the transfer efficiency for
the higher trophic levels (5 and up) was 1.5 to 2.5 times higher in
FFS compared to both O’ahu and Kona. The importance of
detritus and high efficiency in recycling also was corroborated by
the high values for Finn’s cycling index, especially in the models
with no (FFS) or intermediate (Kona) fishing perturbation.
Evaluation of Indicators based on Analyses of Survey
Data
Benthic indicators derived by field surveys did not show any
clear relationship with fishing pressure (Table 3); thus, habitat
parameters alone cannot be used as fishery indicators. However,
fish indicators did reflect the fishing pressure gradient. Direct
effects of fishing were reflected in the increase in total catch and
decrease in biomass of apex predators (roving piscivores and
sharks) and of large-sized ($50 cm) fishes with increasing fishing
pressure (Table 3). Also, total fish biomass showed high values at
FFS, intermediate values at Kona, and low values at the most
populated (highest fishing pressure) island of O’ahu. The disparity
in biomass of large fishes and apex predators between FFS and
Kona is noteworthy in that it is much greater than the disparity
between Kona and O’ahu, indicating that these indicators are
quite crude and that the effect of fishing is almost binary
(populated/unpopulated).
Against expectations, results show that biomass of planktivores
(e.g., Melichthys niger, Naso hexacanthus, Myripristis sp., Chromis sp.)
strongly declined with an increase in fishing pressure (Table 3).
Planktivorous fishes are mostly prey fishes, and their biomass is
expected to go up with a release of predation pressure [30].
Evaluation of the Candidate Indicators on the Basis of
Ecosystem Structure and Network Analyses
Various candidate indicators showed a strong trend with
increasing fishing pressure (Tables 3 and 4). Sequential ecosystem
structure effects along the fishing pressure gradient were most
clearly reflected by fishery-related indicators, net system produc-
tion, size structure of the community, and biomass of planktivores
(Tables 3 and 4). The relatively high fishery gross efficiency for
O’ahu suggests that that system structure is strongly influenced by
fishing. The negative value for the system production at FFS
indicates large import. Import is expected to be much higher at the
forereef habitat of FFS because it is adjacent to a large lagoonal
area, compared with the steep drop-off at the Kona Coast and the
limited, shallow, lagoonal bays around O’ahu (Fig. 1). In our
ecosystem network analyses, similar clear patterns were shown by
Finn’s mean path length, Finn’s cycling index, and the primary
production required to sustain the fishery (Table 4).
The remaining candidate indicators did not show a clear
sequential pattern with increases in fishing pressure, but many
indicators pertaining to the system’s stability or maturity sensu
Odum [63] showed a binary pattern, with a minimal difference
between FFS and Kona (Table 4). For example, mature, stable
systems have a close coupling between production and respiration
(P/R , 1) and, therefore, have no or little excess production, a
high system throughput and capacity, and high overall biomass.
Other indicators that showed the same binary pattern were total
biomass, mean trophic level of the community, and biomass of
Figure 2. Results of sensitivity analysis of four invertebrate groups to changing the P/B ratio on the biomass.
doi:10.1371/journal.pone.0063797.g002
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roving piscivores. On the basis of the indicators for system
maturity (Table 4), it appears that the reef system around O’ahu is
in a more transitional state compared to the reef systems around
FFS and along the Kona Coast. This difference could be a result of
higher fishing perturbations as habitat (benthic indicators) did not
show this trend.
Candidate indicators that did not show a simple linear pattern
with an increase in fishing pressure were the piscivore:planktivore
ratio and the net primary production. The system’s omnivory
index showed minimal to no differences among the three systems,
indicating that the complexity of the food webs was similar. The
trophic level of the catch was also similar between Kona and
O’ahu.
Discussion
The results should be regarded as trends as it is impossible to
make rigorous statements on the basis of only three points. Ideally,
more Ecopath models will be developed for other islands in the
Hawaiian Archipelago to get a better understanding of which
combination of variables are most indicative for fishing pressure.
Model Structure and Sensitivity
In coral reefs, roughly 50% of the net primary production (NPP)
produced offshore and on the reefs is channeled through the
microbial loop [79–81]. This high efficiency in reefs was
successfully simulated in the model on the basis of the high
detritus dependence and the high value of Finn’s cycling index,
especially for the Kona and FFS models. Including the microbial
food web in the model increased total energy throughput and
energy transfer efficiency (TE) from detritus but decreased the TE
Figure 3. Composition of biomass (t/km2) per trophic level (TL) for the three systems studied in Hawai’i. FFS is French Frigate Shoals;
Kona represents the Kona Coast of Big Island.
doi:10.1371/journal.pone.0063797.g003
Table 3. Benthic (B) and fish (F) related indicators for coral reef health from survey data (unnumbered; NOAA Fisheries Coral Reef
Ecosystem Division and Hawai’i Department of Aquatic Resources indicators) and candidate indicators (numbered) for fishery
effects.
No B/F (Candidate) Indicators FFS Kona O’ahu
B Total biomass benthic algae (g/m2) 281 225 307
B Total cover macroalgae (%) 12.5 (6.44) 2.3 (0.92) 17.7 (2.24)
B Total cover crustose coralline algae (%) 8.0 (5.01) 8.9 (0.94) 6.8 (0.88)
B Coral cover (%) 20.3 (6.61) 24.6 11.3 (1.36)
B Habitat complexity (towed-diver surveys 2008–2010; 1 is low, 5 is high) 2.2 2.9 1.9
F Total fish biomass (Rapid Ecosystem Assessment surveys 2005–2010) (g/m2) 92 68 20
F Large ($50 cm) fish biomass (towed-diver surveys 2006–2010) (g/m2) 6.9 1.4 0.8
4 F Biomass apex predators (sharks and roving piscivores) (g/m2) 4.86 0.30 0.26
5 F Biomass planktivores (g/m2) 19.09 12.94 4.50
6 F Piscivores:planktivores biomass ratio (g/m2) 0.33 0.52 0.23
The numbers correspond to the numbers in Table 2 for details on these indicators. Standard error given in parenthesis. FFS is French Frigate Shoals; Kona is the Kona
Coast of Big Island.
doi:10.1371/journal.pone.0063797.t003
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from primary productivity (PP). These effects could be caused by
enhanced recycling of materials and energy by the microbes;
therefore, including the microbial loop simulates the system
behavior more appropriately [82]. In all three models, TE was 1.4
to 1.8 times higher from detritus than from primary production,
corroborating the importance of the microbial loop in coral reef
ecosystems. On the basis of the pedigree, it was clear that all three
models are highly rooted in local data enhancing the robustness.
Area is an important variable that influences model results.
Comparison of our model results with results from other regional
models was difficult because study area, survey methods, and
functional groups varied between models. The FFS Ecopath
model of Parrish et al. [83] also has a shallow (0–30 m) reef
component, and, when comparable areas were derived, the fish
biomass in Parrish et al’s model was 94.3 g/m2, which compared
very well with our 91.6 g/m2. It was not possible to compare any
other functional groups. A Kona coast model (Wabnitz unpubl.
data) includes the same shallow reef area that was used in this
study but also extends to a depth of 100 m and includes all habitat
types for a total study area of 90 km2. In our study, we only used
the forereef area at depths of 0–30 m for a total area of 68 km2.
Wabnitz (unpubl. data) used shallow (0–30 m) fish biomass values
from Friendlander et al [84], and our estimate of 67.7 t/km2 for
our Kona coast model is very comparable with their hard-bottom
estimates (ranging between 40 and 85 t/km2) for their four Kona
sites. We feel, therefore, confident that our fish biomass numbers
are realistic.
The lower trophic groups have been considered mostly as
biomass pools in other reported reef models and are the groups of
greatest uncertainty; hence, variation can be expected. Urchin
biomass in this study was 19 t/km2, which was 5 times lower than
values from Wabnitz (unpubl. data). Another discrepancy between
Wabnitz (unpubl. data) and this study was the biomass of corals.
Coral biomass in this study adjusted for the sand habitat (no corals)
was 194 t/km2 and in Wabnitz et al 82 t/km2. This large
difference in coral biomass could be caused by the (assumingly)
low coral cover in the mesophotic depth included in the Wabnitz
(unpubl. data) study area. Clearly, more research on invertebrates
would greatly enhance the model. Sensitivity analyses of the
meiobenthos showed that changes in the Q/B ratio had little effect
on the biomass or P/B ratio, but decreasing the biomass by 50%
resulted in a change in P/B of 80%–100% for all four invertebrate
groups and decreasing the P/B ratio resulted in a change in
biomass of 100% for benthic filter feeders and deposit feeders and
136% for crustaceans. Our biomass estimates for these groups
came from studies of the Kona Coast of Hawai’i supplemented by
visual observations at hard-bottom sites in each system, and the P/
B (and Q/B) ratios were weighted according to the species
composition at each system and are in the range of values reported
in other reef systems (Text S1). Because these lower trophic
functional groups play an important role in the transfer efficiency
of energy, better estimates are highly recommended to improve
the model.
Evaluation of Indicators Derived by Monitoring Programs
Coral and macroalgal cover are variables that are widely used as
metrics in evaluating reef health and are also included in DAR’s
monitoring program and the Pacific RAMP. Solely on the basis of
these habitat indicators, reefs along the Kona Coast of Hawai’i
(intermediate fishing) would be categorized as being in a better
health than are reefs in FFS (no fishing; Table 3). Therefore, these
variables are not directly indicative for fishery effects. Fishing does
not necessarily degrade reefs, high macroalgal cover does not
necessarily indicate a degraded reef [85,86], and high coral cover
does not necessarily indicate a reef with high fishable biomass [87].
In contrast, large-fish biomass and the candidate indicator,
biomass of apex predators, showed a strong relation with fishing
pressure; albeit, not a sequential relation, it was more a binary
Table 4. Ecopath derived values for candidate indicators of fishery effects on coral reef ecosystems.
No. Candidate Indicators FFS Kona O’ahu units
1 Net primary production (NPP) 7,057 8,739 6,403 t/km2
2 Net system production 2158 517 3175 t/km2
3 Total Biomass (B) exl. detritus 996 951 539 t/km2
7 B/P – size structure 0.069 0.061 0.057
8 Total catch – 0.76 1.31 t/km2/y
9 Mean trophic level of catch – 2.96 3.11
10 Fishery gross efficiency – 0.000087 0.000205
11 Mean trophic level of community 1.93 1.82 1.54
12 Total consumption 21,056 21,715 9,187 t/km2
13 Total respiration 7,215 8,223 3,228 t/km2
14 System’s omnivory index (SOI) 0.291 0.236 0.241
15 Ratio of primary production to respiration (PP/R) 0.98 1.06 1.98
16 Primary production required (PPR) to sustain fishery 0 26 142 t/km2
17 Finn’s mean path length (Food chain length) 5.11 4.45 3.57
18 Finn’s cycling index 28.42 22.92 16.01 % of TST
19 Predator cycling index 3.97 4.01 3.75 % of TST w/o detritus
20 Total system throughput (TST) 37,817 40,352 23,493 t/km2
21 Capacity 207,484 226,151 119,837 flowbits
The numbers correspond to the numbers in Table 2 for details on these indicators. FFS is French Frigate Shoals; Kona is the Kona Coast of Big Island.
doi:10.1371/journal.pone.0063797.t004
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pattern where intermediate fishing pressure resulted in a sharp
decline in biomass of these species.
The piscivore:planktivore ratio was one of the indicators that
was most robust in other system studies [30] but was not an
effective indicator of fishing pressure on the Hawaiian reef systems.
This result could be because the biomass estimates for apex
predators from towed-diver surveys were used. If biomass
estimates from REA (small-scale) surveys were used, the piscivor-
e:planktivore ratio would be 3.34 for FFS, 0.52 for Kona, and 0.19
for O’ahu, where shark and jack encounters in REA surveys are
rare. This deceasing trend is what you would expect along a
gradient of increasing fishing mortality with target species
declining and planktivorous species contributing a larger part to
fish assemblages [30]. However, in fished areas, jacks and sharks
are likely wary of divers and swim away, and their numbers can be
underestimated; whereas, in protected areas (such as FFS), jacks
and sharks might be more curious and approach divers, hence,
their numbers are likely to be overestimated at REA sites.
Therefore, the biomass estimates from towed-diver surveys are
believed to be more accurate [52].
The same holds true for the biomass of planktivores, which,
against expectations, decreased with increasing fishing pressure.
This phenomenon could be explained by the presence of a second
food web driven by primary production (i.e., plankton–planktivor-
ous fish–apex predators) that is intertwined with the detritus food
web. The high EE for planktivores in FFS (0.947 vs. 0.680 in Kona
and 0.425 in O’ahu) supports that theory. Another possible
explanation is fishing mortality; according to the Hawai’i fishery
statistics, soldierfishes (Myripristis sp.), unicorn fish (Naso breviosis),
and some sergeant fishes (Abudefduf sp.) are targeted in the fishery
and could drive their numbers down in the populated areas.
Although the exact drivers of this phenomenon are unknown, this
trend of high planktivorous biomass in remote areas compared to
populated areas also is observed elsewhere in the Pacific [39].
Evaluation of Candidate Indicators Derived by Ecopath
Evaluation of the candidate indicators across a fishing pressure
gradient showed that indicators at the community level were most
robust (i.e., clearest trend) and that multiple indicators are
necessary to identify fishing perturbation. Candidate indicators
related to the system’s community, such as total biomass,
community size structure, and trophic level of the community,
were indicative of fishing pressure and could be used as
performance indicators compared to a baseline (e.g., a 1950
system).
Community and ecosystem attributes deal with energy flows
and ecosystem functioning and are not readily measurable from
field studies. Throughput, production, and consumption–along
with the internal state (i.e., Finn’s cycling index, mean path
length)–reflect a system’s ability to support its current state and
level of exploitation in the long term [30,88]. On the basis of the
statistics of metrics indicative of a system’s maturity sensu Odum
(1969), reefs around FFS and along the Kona Coast were in a
stable, mature situation and the observed level of fishing along the
Kona Coast was supported by the system. However, the coral reef
ecosystem around O’ahu appears to be in a transitional state and
fishing mortality is assumed to have played an important role in
the current structure and functioning of this ecosystem. The mean
trophic level of the community was an indicator that showed a
clear decreasing trend with an increase in fishing pressure across
the three study areas as did the biomass/production ratio, the
mean food chain length, and Finn’s cycling index. The low EE for
benthic algae (0.16–0.33) indicates a lack of herbivorous grazing
pressure that could drive the transitional state (i.e., moving from a
coral dominated system to an algal dominated system). Results
from 7 out of 10 long-term (.10 year) monitoring programs in
O’ahu showed a coral cover decline of 4% to 35%, corroborating
this hypothesis [49]. Naturally, fishing mortality is not the only
perturbation that affects the status of coral reef ecosystems. We
used human population as an indicator for fishing intensity;
however, with an increased population, other stressors to reef
ecosystems, such as sedimentation, nitrification, and other land-
based sources of pollution, also augment. Notwithstanding, the
results from the Ecopath models in our study do show that fishing-
related indicators did indicate that a clear decreasing trend with an
increase in fishing mortality and benthic indicators did not.
Conclusions
Candidate indicators for fishing pressure showed that indicators
at the community level (e.g., total biomass, community size
structure, trophic level of the community) showed the clearest
trend with increased fishing mortality. Results also showed that
multiple indicators are necessary to identify fishing perturbations.
These indicators could be used as performance indicators when
compared to a baseline for management purposes. Currently,
collected data from monitoring programs in Hawai’i of fish
biomass and fish assemblages and size structure clearly show a
strong relation to fishing mortality, with higher fishing mortalities
resulting in a shift in fish communities (decrease in number of large
fishes and in biomass of piscivores), unlike data of benthic
parameters (e.g., coral or algal cover). Ecopath statistics of the
structure and functioning of ecosystems can supplement these
metrics with insights into the stability of the system. Stable, mature
systems are more likely to recover from perturbations, such as
global change or local stressors to reefs (e.g., land-based sources of
pollution, fishing). Understanding the processes that structure a
reef is important in supporting marine resource managers to
reverse transitional states to stable systems that yield high fishable
biomass. On the basis of the results of this study, it is clear that the
reefs around O’ahu are in a transitional state. The low EE for
benthic algae around O’ahu, compared to around Kona and FFS,
indicates that grazing pressure was minimal. Reduced grazing of
(especially) macroalgae by herbivores could result in a shift to a
system that is dominated by algae instead of corals; the latter is
economically and aesthetically more desirable as it supports a
higher fishable biomass and dive tourism. In follow-up studies, it
would be beneficial to use Ecosim, a simulation model that uses
Ecopath for input parameters, to evaluate management scenarios
that are most likely to succeed in reversing the current transitional
state of the coral reefs around O’ahu.
Supporting Information
Figure S1 Schematic representation of the marine microbial
loop. DOM is dissolved organic matter; EOC is extracellular
organic carbon; DFAA is dissolved free amino acids; HNF is
heterotrophic nanoflagellates or protists. Diagram created by
Tracy McDole, San Diego State University.
(TIF)
Table S1 The weighting factors in percentage and input values
with their source for the production over biomass (P/B) and
consumption over biomass (Q/B) ratios per trophic group for each
study site. Conversion factors came from Brey [55] and Opitz
[89]. FFS is French Frigate Shoals.
(TIF)
Table S2 Fish species included in the Ecopath models per each
functional group. Inclusion was based on presence data from
Coral Reef Ecosystems and Fishery
PLOS ONE | www.plosone.org 9 May 2013 | Volume 8 | Issue 5 | e63797
daytime visual surveys in shallow water (,30 m) hard-bottom
habitats (CRED unpubl. data).
(TIF)
Table S3 Ecopath input data and resulting parameters for the
33 functional groups for French Frigate Shoals. Values calculated
by EwE are shown in bold.
(TIF)
Table S4 Ecopath input data and resulting parameters for the
33 functional groups for the Kona Coast. Values calculated by
EwE are shown in bold.
(TIF)
Table S5 Ecopath input data and resulting parameters for the
33 functional groups for O’ahu. Values calculated by EwE are
shown in bold.
(TIF)
Table S6 Diet composition matrix of the functional groups
included in a reef system around French Frigate Shoals. Import
indicates feeding outside of the modeled area. Numbers in column
headings (predators) correspond with numbers in row headings
(prey), e.g., group 19 represents corals. The sum of the diet
composition (column) equals to 1. CCA is crustose coralline algae.
Column headings correspond to the row headings.
(TIF)
Table S7 Diet composition matrix of the functional groups
included in a reef system along the Kona Coast of Hawai’i. Import
indicates feeding outside of the modeled area. Numbers in column
headings (predators) correspond with row numbers (prey). The
sum of the diet composition (column) equals to 1. CCA is crustose
coralline algae. CCA is crustose coralline algae. Column headings
correspond to the row headings.
(TIF)
Table S8 Diet composition matrix of the functional groups
included in a reef system around O’ahu. Import indicates feeding
outside of the modeled area. Numbers in column headings
(predators) correspond with row numbers (prey). The sum of the
diet composition (column) equals to 1. CCA is crustose coralline
algae. CCA is crustose coralline algae. Column headings
correspond to the row headings.
(TIF)
Text S1 Supplementary material specific to the 33 functional
groups. Explanation and sources of used Ecopath values in the
three Hawaiian studies and diet composition of each model.
(DOCX)
Acknowledgments
We would like to thank Rusty Brainard for his support and encouragement
to work on this project and the staff of NOAA PIFSC CRED and Dr. Bill
Walsh of DAR Kona for providing us with the biomass and benthic cover
data for the majority of the species in the functional groups. We also are
grateful to Fishbase (www.fishbase.org) for providing us with species-
specific data of all Hawaiian fish species. We would like to thank Ivor
Williams, Ed DeMartini, George Balazs, Tracy Wurth, Molly Timmers,
Jade Delevaux, Tracy McDole, Gustav Paulay, Chuck Birkeland, Isaac
Kaplan, Julie Brock, Sarah Eberhardt, Jason Helyer, Jennifer Smith, Adel
Heenan, Thomas Sauvage, and many more for their expert opinions.
Furthermore, we would like to thank Ivor Williams, Colette Wabnitz, Evan
Howell, Jeff Polovina, and Rusty Brainard for their comments on earlier
drafts and the anonymous reviewers who greatly improved the final paper.
The views and opinions expressed in this paper are those of the individual
authors and not those of the sponsor organizations.
Author Contributions
Conceived and designed the experiments: MW EF FP. Performed the
experiments: MW. Analyzed the data: MW. Contributed reagents/
materials/analysis tools: MW EF FP. Wrote the paper: MW EF FP.
References
1. McLeod K, Lubchenco J, Palumbi S, Rosenberg A (2005) Scientific consensus
statement on marine ecosystem-based management. Signed by 221 academic
scientists and policy experts with relevant expertise and published by the
Communication Partnership for Science and the Sea. Available: http://
compassonline.org/sites/all/files/document_files/EBM_Consensus_Statement_
v12.pdf. Accessed 2012 Oct 10.
2. Levin PS, Fogarty MJ, Murawski SA, Fluharty D (2009) Integrated Ecosystem
Assessments: Developing the Scientific Basis for Ecosystem-Based Management
of the Ocean. PLoS Biol 7: e1000014.
3. Burke L, Reytar K, Spalding M, Perry A (2011) Reefs at risk revisited.
Washington, DC: World Resources Institute. 112.
4. Carpenter KE, Abrar M, Aeby G, Aronson RB, Banks S, et al. (2008) One-third
of reef-building corals face elevated extinction risk from climate change and local
impacts. Science 321: 560–563.
5. De’ath G, Fabricius KE, Sweatman H, Puotinen M (2012) The 27–year decline
of coral cover on the Great Barrier Reef and its causes. Proceedings of the
National Academy of Sciences 109: 17995–17999.
6. Graham NAJ, Wilson SK, Jennings S, Polunin NVC, Bijoux JP, et al. (2006)
Dynamic fragility of oceanic coral reef ecosystems. Proceedings of the National
Academy of Sciences of the United States of America 103: 8425–8429.
7. Smith JE, Smith CM, Hunter CL (2001) An experimental analysis of the effects
of herbivory and nutrient enrichment on benthic community dynamics on a
Hawaiian reef. Coral Reefs 19: 332–342.
8. McClanahan TR (1995) A coral reef ecosystem-fisheries model: impacts of
fishing intensity and catch selection on reef structure and processes. Ecological
Modelling 80: 1–19.
9. Nystro¨m M, Folke C, Moberg F (2000) Coral reef disturbance and resilience in a
human-dominated environment. Trends in Ecology & Evolution 15: 413–417.
10. Green AL, Bellwood DR (2009) Monitoring functional groups of herbivorous
reef fishes as indicators of coral reef resilience: a practical guide for coral reef
managers in the Asia Pacific Region. Gland, Switzerland: The International
Union for the Conservation of Nature and Natural Resources. 70.
11. Bruce T, Meirelles PM, Garcia G, Paranhos R, Rezende CE, et al. (2012)
Abrolhos Bank Reef Health Evaluated by Means of Water Quality, Microbial
Diversity, Benthic Cover, and Fish Biomass Data. PLoS ONE 7: e36687.
12. Selig ER, Bruno JF (2010) A Global Analysis of the Effectiveness of Marine
Protected Areas in Preventing Coral Loss. PLoS ONE 5: e9278.
13. Wilson SK, Fisher R, Pratchett MS, Graham NAJ, Dulvy NK, et al. (2010)
Habitat degradation and fishing effects on the size structure of coral reef fish
communities. Ecological Applications 20: 442–451.
14. Hoegh-Guldberg O, Bruno J (2010) The impact of climate change on the
world’s marine ecosystems. Science 328: 1523.
15. Graham NAJ, Chabanet P, Evans RD, Jennings S, Letourneur Y, et al. (2011)
Extinction vulnerability of coral reef fishes. Ecology Letters 14: 341–348.
16. Odum E (1971) Fundamentals of ecology, third edition. New York: Saunders.
574 p.
17. Jørgensen SE, Costanza R, Xu FL (2005) Handbook of ecological indicators for
assessment of ecosystem health: CRC Press. 448.
18. Arias-Gonza´lez JE, Nun˜ez-Lara E, Gonza´lez-Salas C, Galzin R (2004) Trophic
models for investigation of fishing effect on coral reef ecosystems. Ecological
Modelling 172: 197–212.
19. Walters C, Christensen V, Pauly D (1997) Structuring dynamic models of
exploited ecosystems from trophic mass-balance assessments. Reviews in Fish
Biology and Fisheries 7: 139–172.
20. Mumby P (2006) The impact of exploiting grazers (Scaridae) on the dynamics of
Caribbean coral reefs. Ecological Applications 16: 747–769.
21. Ainsworth CH, Varkey DA, Pitcher TJ (2008) Ecosystem simulations supporting
ecosystem-based fisheries management in the Coral Triangle, Indonesia.
Ecological Modelling 214: 361–374.
22. Gribble N (2003) GBR-prawn: modelling ecosystem impacts of changes in
fisheries management of the commercial prawn (shrimp) trawl fishery in the far
northern Great Barrier Reef. Fisheries Research 65: 493–506.
23. Pandolfi JM, Connolly SR, Marshall DJ, Cohen AL (2011) Projecting Coral
Reef Futures Under Global Warming and Ocean Acidification. Science 333:
418.
24. Hoeke RK, Jokiel PL, Buddemeier RW, Brainard RE (2011) Projected changes
to growth and mortality of Hawaiian corals over the next 100 years. PLoS ONE
6: e18038.
25. Wolanski E, Richmond RH, McCook L (2003) A model of the effects of land-
based, human activities on the health of coral reefs in the Great Barrier Reef and
in Fouha Bay, Guam, Micronesia. Journal of Marine Systems 46: 133–144.
26. Mumby P, Hedley J, Zychaluk K, Harborne A, Blackwell P (2006) Revisiting the
catastrophic die-off of the urchin Diadema antillarum on Caribbean coral reefs:
Coral Reef Ecosystems and Fishery
PLOS ONE | www.plosone.org 10 May 2013 | Volume 8 | Issue 5 | e63797
Fresh insights on resilience from a simulation model. Ecological Modelling 196:
131–148.
27. Link JS (2005) Translating ecosystem indicators into decision criteria. ICES
Journal of Marine Science: Journal du Conseil 62: 569–576.
28. Shin Y-J, Bundy A, Shannon LJ, Simier M, Coll M, et al. (2010) Can simple be
useful and reliable? Using ecological indicators to represent and compare the
states of marine ecosystems. ICES Journal of Marine Science: Journal du Conseil
67: 717–731.
29. Hall SJ, Mainprize B (2004) Towards ecosystem-based fisheries management.
Fish and Fisheries 5: 1–20.
30. Fulton EA, Smith ADM, Punt AE (2005) Which ecological indicators can
robustly detect effects of fishing? ICES Journal of Marine Science: Journal du
Conseil 62: 540–551.
31. Samhouri JF, Levin PS, Harvey CJ (2009) Quantitative evaluation of marine
ecosystem indicator performance using food web models. Ecosystems 12: 1283–
1298.
32. Fabricius KE (2005) Effects of terrestrial runoff on the ecology of corals and
coral reefs: review and synthesis. Marine Pollution Bulletin 50: 125–146.
33. Stimson J, Larned ST (2000) Nitrogen efflux from the sediments of a subtropical
bay and the potential contribution to macroalgal nutrient requirements. Journal
of Experimental Marine Biology and Ecology 252: 159–180.
34. Storlazzi CD, Field ME, Bothner MH, Presto MK, Draut AE (2009)
Sedimentation processes in a coral reef embayment: Hanalei Bay, Kauai.
Marine Geology 264: 140–151.
35. Anthony KRN, Kline DI, Diaz-Pulido G, Dove S, Hoegh-Guldberg O (2008)
Ocean acidification causes bleaching and productivity loss in coral reef builders.
Proceedings of the National Academy of Sciences 105: 17442–17446.
36. Eakin CM (2001) A tale of two Enso Events: carbonate budgets and the
influence of two warming disturbances and intervening variability, Uva Island,
Panama. Bulletin of Marine Science 69: 171–186.
37. McClanahan TR, Maina JM, Muthiga NA (2011) Associations between climate
stress and coral reef diversity in the western Indian Ocean. Global Change
Biology17: 2023–2032.
38. Williams I, Walsh W, Schroeder R, Friedlander A, Richards B, et al. (2008)
Assessing the importance of fishing impacts on Hawaiian coral reef fish
assemblages along regional-scale human population gradients. Environmental
Conservation 35: 261–272.
39. Williams I, Richards B, Sandin S, Baum J, Schroeder R, et al. (2011) Differences
in reef fish assemblages between populated and remote reefs spanning multiple
archipelagos across the central and western Pacific. Journal of Marine Biology
2011:Article ID 826234, 14 pages. doi:10. 1155/22011/826234.
40. Friedlander AM, DeMartini EE (2002) Contrasts in density, size, and biomass of
reef fishes between the northwestern and the main Hawaiian islands: the effects
of fishing down apex predators. Marine Ecology Progress Series 230: 253–264.
41. DeMartini EE, Anderson TW, Kenyon JC, Beets JP, Friedlander AM (2010)
Management implications of juvenile reef fish habitat preferences and coral
susceptibility to stressors. Marine and Freshwater Research 61: 532–540.
42. Friedlander AM, Brown EK, Jokiel PL, Smith WR, Rodgers KS (2003) Effects of
habitat, wave exposure, and marine protected area status on coral reef fish
assemblages in the Hawaiian archipelago. Coral Reefs 22: 291–305.
43. Friedlander AM, Brown EK, Monaco ME (2007) Coupling ecology and GIS to
evaluate efficacy of marine protected areas in Hawaii. Ecological Applications
17: 715–730.
44. Metcalf SJ, Pember MB, Bellchambers LM (2011) Identifying indicators of the
effects of fishing using alternative models, uncertainty, and aggregation error.
ICES Journal of Marine Science: Journal du Conseil 68: 1417.
45. Smith ADM, Fulton EJ, Hobday AJ, Smith DC, Shoulder P (2007) Scientific
tools to support the practical implementation of ecosystem-based fisheries
management. ICES Journal of Marine Science: Journal du Conseil 64: 633–639.
46. Xu SN, Chen ZZ, Li SY, He PM (2011) Modeling Trophic Structure and
Energy Flows in a Coastal Artificial Ecosystem Using Mass-Balance Ecopath
Model. Estuaries and Coasts 34: 351–363.
47. Diaz-Uribe JG, Arreguin-Sanchez F, Cisneros-Mata MA (2007) Multispecies
perspective for small-scale fisheries management: A trophic analysis of La Paz
Bay in the Gulf of California, Mexico. Ecological Modelling 201: 205–222.
48. Arreguin-Sanchez F, Zetina-Rejo´n M, Manickchand-Heileman S, Ramirez-
Rodriguez M, Vidal L (2004) Simulated response to harvesting strategies in an
exploited ecosystem in the southwestern Gulf of Mexico. Ecological Modelling
172: 421–432.
49. Friedlander A, Aeby G, Brainard R, Brown E, Chaston K, et al. (2008) The state
of coral reef ecosystems of the main Hawaiian Islands. In: Waddell JE, Clarke
AM, editors. The state of coral reef ecosystems of the United States and Pacific
freely associated states: 2008. Silver Spring, MD: NOAA Technical Memoran-
dum NOS NCCOS 73. NOAA/NCCOS Center for Coastal Monitoring and
Assessment’s Biogeography Team. 222–269.
50. Xie L, Hsieh WW (1995) The global distribution of wind induced upwelling.
Fisheries Oceanography 4: 52–67.
51. Longhurst A, Sathyendranath S, Platt T, Caverhill C (1995) An estimate of
global primary production in the ocean from satellite radiometer data. Journal of
Plankton Research 17: 1245–1271.
52. Richards BL, Williams ID, Nadon MO, Zgliczynski BJ (2011) A towed-diver
survey method for mesoscale fishery-independent assessment of large-bodied reef
fishes. Bulletin of Marine Science 87: 55–74.
53. Pauly D (1980) On the interrelationships between natural mortality, growth
parameters, and mean environmental temperature in 175 fish stocks. Journal du
Conseil 39: 175–192.
54. Palomares MLD, Pauly D (1998) Predicting food consumption of fish
populations as functions of mortality, food type, morphometrics, temperature
and salinity. Marine and Freshwater Research 49: 447–453.
55. Brey T (2001) Population dynamics in benthic invertebrates. A virtual
handbook, http://www.awi-bremerhaven.de/Benthic/Ecosystem/FoodWed/
handbook/main.html. Alfred Wegener Institute for Polar and Marine Research,
Germany. Available: http://epic.awi.de/4674/. Accessed 2011 Jan.
56. Christensen V, Walters CJ, Pauly D, Forrest R (2008) Ecopath with Ecosim
version 6: user guide. November 2008. Fisheries Centre, University of British
Columbia, Vancouver, Canada. 235.
57. Christensen V, Pauly D (1992) ECOPATH II–a software for balancing steady-
state ecosystem models and calculating network characteristics. Ecological
Modelling 61: 169–185.
58. Polovina JJ (1984) Model of a coral reef ecosystem. Coral Reefs 3: 1–11.
59. Christensen V, Walters CJ (2004) Ecopath with Ecosim: methods, capabilities
and limitations. Ecological Modelling 172: 109–139.
60. Cole JJ, Findlay S, Pace ML (1988) Bacterial production in fresh and saltwater
ecosystems: a cross-system overview. Marine ecology progress series Oldendorf
43: 1–10.
61. Hassett RP, Boehlert GW (1999) Spatial and temporal distributions of copepods
to leeward and windward of Oahu, Hawaiian Archipelago. Marine Biology 134:
571–584.
62. Chardy P, Clavier J (1988) An attempt to estimate the carbon budget for the
southwest lagoon of New Caledonia; Australia. 541–546.
63. Odum EP (1969) The strategy of ecosystem development. Science 164: 262–270.
64. Ulanowicz RE (1986) Growth and development: Ecosystem phenomenology.
New York: Springer Verslag. 203.
65. Bundy A, Pauly D (2001) Selective harvesting by small-scale fisheries: ecosystem
analysis of San Miguel Bay, Philippines. Fisheries Research 53: 263–281.
66. Tsehaye I, Nagelkerke LAJ (2008) Exploring optimal fishing scenarios for the
multispecies artisanal fisheries of Eritrea using a trophic model. Ecological
Modelling 212: 319–333.
67. Genin A, Monismith SG, Reidenbach MA, Yahel G, Koseff JR (2009) Intense
benthic grazing of phytoplankton in a coral reef. Limnology and Oceanography
54: 938–951.
68. Fabricius KE, Dommisse M (2000) Depletion of suspended particulate matter
over coastal reef communities dominated by zooxanthellate soft corals. Marine
Ecology Progress Series 196: 157–167.
69. Fabricius KE (1995) Slow population turnover in the soft coral genera Sinularia
and Sarcophyton on mid-and outer-shelf reefs of the Great Barrier Reef. Marine
Ecology Progress Series 126: 145–152.
70. Ribes M, Coma R, Atkinson M, Kinzie R (2003) Particle removal by coral reef
communities: picoplankton is a major source of nitrogen. Marine Ecology
Progress Series 257: 13–23.
71. Sebens K, Vandersall K, Savina L, Graham K (1996) Zooplankton capture by
two scleractinian corals, Madracis mirabilis andMontastrea cavernosa, in a field
enclosure. Marine Biology 127: 303–317.
72. Bilger R, Atkinson M (1992) Anomalous mass transfer of phosphate on coral reef
flats. Limnology and Oceanography 37: 261–272.
73. Morato T, Bulman C, Pitcher TJ (2009) Modelled effects of primary and
secondary production enhancement by seamounts on local fish stocks. Deep Sea
Research Part II: Topical Studies in Oceanography 56: 2713–2719.
74. Pauly D, Christensen V, Walters C (2000) Ecopath, Ecosim, and Ecospace as
tools for evaluating ecosystem impact of fisheries. ICES Journal of Marine
Science: Journal du Conseil 57: 697–706.
75. Walsh W, Sparks R, Barnett C, Couch C, Cotton S, et al. (2010) Long-term
monitoring of coral reefs of the Main Hawaiian Islands. Honolulu, Hawaii:
Department of Land and Natural Resources. 133.
76. Everson A, Friedlander AM (2004) Catch, effort, and yields for coral reef
fisheries in Kane’ohe Bay, O’ahu and Hanalei Bay, Kaua’i: Comparisons
between a large urban and a small rural embayment. Status of Hawai’i’s Coastal
Fisheries in the New Millennium: 110–131 p.
77. Friedlander AM, Parrish JD (1997) Fisheries harvest and standing stock in a
Hawaiian Bay. Fisheries Research 32: 33–50.
78. Morissette L (2007) Complexity, coast and quality of ecosystem models and their
impact on resilience. Vancouver, BC: University of British Columbia. 278.
79. Zo¨llner E, Hoppe HG, Sommer U, Ju¨rgens K (2009) Effect of zooplankton-
mediated trophic cascades on marine microbial food web components (bacteria,
nanoflagellates, ciliates). Limnology and Oceanography 54: 262–275.
80. Pernthaler J (2005) Predation on prokaryotes in the water column and its
ecological implications. Nature Reviews Microbiology 3: 537–546.
81. Azam F, Fenchel T, Field J, Gray J, Meyer-Reil L, et al. (1983) The ecological
role of water-column microbes in the sea. Marine ecology progress series
Oldendorf 10: 257–263.
82. Paves HJ, Gonzalez HE (2008) Carbon fluxes within the pelagic food web in the
coastal area off Antofagasta (23 degrees S), Chile: The significance of the
microbial versus classical food webs. Ecological Modelling 212: 218–232.
83. Parrish FA, Howell EA, Antonelis GA, Iverson SJ, Littnan CL, et al. (2011)
Estimating the carrying capacity of French Frigate Shoals for the endangered
Hawaiian monk seal using Ecopath with Ecosim. Marine Mammal Science 28:
552–541.
Coral Reef Ecosystems and Fishery
PLOS ONE | www.plosone.org 11 May 2013 | Volume 8 | Issue 5 | e63797
84. Friedlander AM, Brown E, Monaco ME, Clark A (2006) Fish Habitat Utilization
Patterns and Evaluation of the Efficacy of Marine Protected Areas in Hawaii:
Integration of NOAA Digital Benthic Habitats Mapping and Coral Reef
Ecological Studies. Silver Spring, MD: NOAA Technical Memorandum NOS
NCCOS 23. 213.
85. Vroom P, Braun C (2010) Benthic composition of a healthy subtropical reef:
Baseline species-level cover, with an emphasis on algae, in the Northwestern
Hawaiian Islands. PloS ONE 5.
86. Parrish FA, Boland RC (2004) Habitat and reef-fish assemblages of banks in the
Northwestern Hawaiian Islands. Marine Biology 144: 1065–1073.
87. McClanahan TR, Graham NAJ, MacNeil MA, Muthiga NA, Cinner JE, et al.
(2011) Critical thresholds and tangible targets for ecosystem-based management
of coral reef fisheries. Proceedings of the National Academy of Sciences 108:
17230–17233.
88. Vasconcellos M, Mackinson S, Sloman K, Pauly D (1997) The stability of
trophic mass-balance models of marine ecosystems: a comparative analysis.
Ecological Modelling 100: 125–134.
89. Opitz S (1996) Trophic interactions on a Caribbean coral reef. Technical Report
43. Manila, Philippines: ICLARM. 341.
Coral Reef Ecosystems and Fishery
PLOS ONE | www.plosone.org 12 May 2013 | Volume 8 | Issue 5 | e63797
